A reservoir is one of the most efficient measures for integrated water resources development and management. The reservoir storage curve is a vital parameter for multipurpose reservoir operation and its precision is a key issue for water balance and strategic risk management. Compared with the traditional approach, the method based on remote sensing ͑RS͒ data provides better information, which can be helpful in reservoir operation and management. Fengman Reservoir was chosen as a case study to obtain the new storage curve that is based on LandSat data. The inflows of the reservoir were calculated in dry seasons ͑December, January, and February͒ from 1958 to 1986 on the basis of the designed storage curve and the new estimated curve, respectively. Compared with the observation data, the average relative error of inflow using the new estimated curve is much less than one using the designed curve. The results showed that reservoir storage curve estimation based on RS data is reasonable and has relatively high precision.
Introduction
A reservoir is one of the most efficient measures for integrated water resources development and management. By altering the spatial and temporal distribution of runoff, reservoirs serve multipurposes, such as flood control, hydropower generation, water supply, navigation, and recreation, which reduce human dependence on the natural availability of water ͑Guo et al. 2004͒ . The reservoir storage curve is a vital parameter for multipurpose reservoir operation. After several years of reservoir operation, the storage curve has changed due to human activity effects, such as sedimentation, reclamation, and land-use change. It should be re-estimated and assessed since its precision is a key issue for water balance and strategic risk management. For this reason, systematic storage surveys of a reservoir are conducted periodically using traditional equipment, e.g., plane table, sextant, range finder, sounding rods, echo sounders, and slow moving boats.
The traditional reservoir storage curve estimation method, such as hydrographic surveys, is laborious, costly and time consuming. In particular, the long period on the hydrographic survey has great influence on the reservoir normal operation. Moreover, the results of the measurement are much different due to the complexity of terrain, vegetative cover, and experiences of the engineer. For example, the measurement of storage of Longyangxia Reservoir in China cost 2 million Yuan and 8 years using the traditional method and the final results were unsatisfactory ͑Zhang et al. 1999͒. Remote sensing ͑RS͒ techniques offering data acquisition over a long time period and for a broad spectral range are considered superior to the traditional method for data acquisition ͑Jain et al. 2002͒ . Spatial, spectral, and temporal attributes of RS data provide invaluable and timely information in reservoir operation and management ͑Sebastian et al. 1995; Goel and Jain 1996; Goel et al. 2002; Jain et al. 2002; Magome et al. 2002 Magome et al. , 2003 Liebe et al. 2003͒ . Compared with the traditional method, the RS based approach can be cost effective, easy to use, and requires less time in analyzing the data.
The water surface area and storage volumes of LakeWashington, Lake Okeechobee, and Lake Harris in Florida were estimated by using the LandSat data ͑Shih 1980 , 1982 Gervin and Shih 1981͒ Fengman Reservoir was chosen as a case study to obtain the new storage curve based on LandSat data. The inflow of the reservoir was calculated in dry seasons ͑December, January, and February͒ based on the water balance equation, and used to verify the precision of the estimated storage curve.
Reservoir Storage Estimation
Fengman Reservoir was built in 1937 and located at the second Songhua River in the southeast of Jilin Province, China. It is one of the largest hydropower plants in the northeast electric power group and the annual average output is 18.9ϫ 10 8 kW· h. The sketch map of Fengman reservoir basin and verified region for storage estimation is shown in Fig. 1 1953, 1956, and 1988, respectively . The 1956 storage curve has been used as a designed curve in practice.
Traditional Method
The hydrographic survey is one of the traditional reservoir storage estimation methods, which consist of an overwater and underwater topographic survey. In general, the acoustical detector is used for an underwater topographic survey. However, an overwater topographic survey is a field survey or aerophotogrammetrical survey. After the two survey productions are combined, the topographic map of the region can be figured. The covered areas for a series of contours could be calculated with the electronic platometer, and the storages in the contour interval could be obtained. If the storages corresponding to water level or elevation were accumulated from low to high water level or elevation, the storage curve could be determined. The sketch map of the traditional reservoir storage estimation method is shown in Fig. 2 . The storage for certain changes in water level ͑⌬Z = Z i+1 − Z i ͒ or the difference between two consecutive elevations is calculated as follows:
where A i and A i+1 ϭwater surface area at the water level of Z i and Z i+1 ͑i =0, 1, 2, 3, …, and Z 0 =0, A 0 =0͒, respectively. The storage V i+1 at the water level of Z i+1 is calculated as follows: 
For improvement in precision of the underwater topographic survey, the time of hydrographic surveys should be chosen when the water level of the reservoir is low on operation. For these reasons, the hydrographic surveys of reservoirs are normally conducted at a frequency of 5-15 years, although the recommended frequency is every 5 years. By using hydrographic survey data, the topographic map can be figured. On the basis of topographic maps, the three storage curves referred to above ͑in 1937, 1953, and 1958͒ were obtained with Eqs ͑1͒ and ͑2͒. In recent years, some new techniques, such as the global position system ͑GPS͒ orientation technique, were widely applied to the However, the method based on RS data, as a cheap and effective method, would be a very powerful tool for research and application on the reservoir storage estimation.
Method Based on Remote Sensing Data
The great difference between the traditional approach and the method based on RS data is the calculation for water surface area, which is obtained by measurement of the topographic map with the electronic platometer for the former, but calculation of the processed RS images for the latter. There are many different classification methods or models in the process of water body identification, such as the density-slicing approach and the normalized difference water index ͑NDWI͒ method. NDWI was defined as follows ͑Goel et al. 2002͒
where Green and NIRϭreflectivity of the earth's surface in the green channel and the near infrared channel of RS data, respectively. By selection of threshold values, the condition of the difference between water and other was determined. The water surface area at a certain water level or elevation was obtained by multiplying the unit area of a pixel with the number of pixels identified as the water body. When enough images were chosen and calculated, the area curve could be obtained with the corresponding water level. According to Eqs. ͑1͒ and ͑2͒, the storage curve could be drawn. The availability of enough RS images and the corresponding water level data are the key issues for applying this method to estimate the reservoir storage curve. If the variation of water level ͑⌬Z͒ is small enough, Eq. ͑1͒ can approximate to the following equation ͑Gervin and Shih 1981͒
The proportion estimation method is one of the subpixel water body identification methods. On the basis of LandSat data and ground observation data, it was found that the proportion estimation method is easy to process and the result is reasonable ͑Horwitz et al. 1971; Malila and Nalepka 1974; Lu and Li 1992͒. In the Fengman Reservoir storage estimation, the method was applied to water body identification based on LandSat data. LandSat TM provided spectral data of seven bands and the band 5 ͑1.55-1.75 m͒ data provided the most information in all bands. Since the correlation between band 3 ͑0.63-0.69 m͒ and band 5 is unstable, they are chosen to calculate the proportion of water body in one pixel. When the value of the proportion is greater than a certain threshold value, the water body is defined as the actual water body. From the point of view of the geometry, the proportion estimation method is explained as in Fig. 3 . It is assumed that a space of data is mostly made up of the two spectral bands ͑ 1 and 2 ͒. A, B, and C in Fig. 3 represent three different objects in one pixel, respectively. For example, they represent soil, vegetation, and water body in subpixels along the land-water interface, respectively. Commonly, A, B, and C could be joined as a triangle. If the pixel ͑X͒ that included information of the three types of objects was in the triangle, the lines across X would, respectively, be drawn from the triangular vertexes to their subtends. After the distance from X to the subtends divides by the distance from triangle vertex to its subtend, the proportion of objects denoted by the triangular vertexes would be calculated in the pixel ͑X͒. For example, when the pixel of X is just on the center of the triangle, the proportion of the three types of objects ͑A, B, and C͒ would be, respectively, 1 / 3, and information on them also has the same proportion. Generally, for the proportion estimation method on water body identification, it is found that the threshold value for water is either equal to or greater than 0.7, i.e., when the value of the proportion is larger than 0.7, the water body is defined as the actual water body ͑Lu and Li 1992͒.
There is no hydrographic survey between 1988 and 2000 for Fengman Reservoir. It is necessary that the storage curve should be re-estimated and assessed. The new reservoir storage curve can be estimated with a cheap and effective method based on RS data. The LandSat data were bought and collected from the China Remote Sensing Satellite Ground Receive Station. The data included 40 images corresponding to a water level at an interval of 1 m. The data were listed according to the descending water level in Table 2 . LandSat MSS and TM data were both used, The units of Z and A͑Z͒ are m and km 2 , respectively. With ⌬Z = 0.01 m, the storage could be calculated byEqs. ͑2͒, ͑4͒, and ͑5͒. Fig. 4 plotted the storage against the corresponding water level at the dam site. After curve fitting with a fourth-order polynomial, the reservoir storage, denoted by V͑Z͒, was gained as follows: The unit of V͑Z͒ is 10 8 m 3 . A comparison of the new curve based on RS data and the 1956 designed curve was plotted in Fig. 5 . It is shown that the 1956 designed curve is larger than the new curve, and the differences between them increase as the water level rises. 
Verification of Storage Curve Precision
The precision of the storage curve based on RS data depends mainly on the number of available RS images and the accurate identification of the water surface area. If more RS images were available at the small interval of the water level or elevation, the precision of the storage curve would be improved. The verification method of the storage curve precision based on RS data includes the two methods, i.e., RS data verification and water balance methods.
Remote Sensing Data Verification
RS data verification consists of the distance verification and the land and water border verification. For the distance verification, the difference between the distance of two points on the topographic map and the distance of the same two points on RS image data is compared. However, for the land and water border verification, it is a primary task that water surface area based on RS data is compared with the covered region of the contour in the topographic map at the same contour or corresponding water level.
In the verified region, the covered region of four contours ͑264, 262, 250, and 248 m͒ in the 1 : 10,000 topographic map in 1990 was compared with the water surface area based on RS data at a similar water level, respectively, as shown in Fig. 6 . It is seen that the difference in the water border between the covered region of contours and water surface area based on RS images is very small. The relationship between the absolute error of the water level and the relative error of the area is drawn in Fig. 7 and the results are listed in Table 3 . From Fig. 7 , the relative error of the area increases as the absolute error of the water level increases. When the water level in the RS image is 0.025 m less than the corresponding contour on the topographic map, the covered region of the contour approximately equals the water surface area of the RS image.
Water Balance Method
The storage has a great impact on the calculation inflow of the reservoir based on water balance equation. If the estimated storage curve is larger than the actual one, the calculated inflow of the reservoir would be larger than the actual inflow when the water level rises, and less than the actual inflow when the water level declines, and vice versa. The inflow of the reservoir based on the water balance equation is calculated as follows ͑Shih 1980͒:
where Q in ϭinflow of the reservoir ͑m 3 /s͒; Q out ϭoutflow of the reservoir ͑m 3 /s͒; Q loss ϭloss of the runoff ͑m 3 /s͒, such as leakage and ice; ⌬Vϭchanges in storage ͑m 3 ͒; and ⌬Tϭtime interval for computation. The precision of the storage curve could be verified through a comparison between the estimated and observed reservoir inflow.
In the dry season ͑December, January, and February͒, the sum of the discharges at the five gages ͑Hongshi, Wudaogou, Minli, Hengdaozi, and Jiaohe͒ could be reasonably assumed to be the observation of inflow of the reservoir in the water balance method. The data from January 1958 to December 1986 at the five gages were chosen. The loss of runoff in Fengman Reservoir mainly includes seepage loss and ice loss in the dry season. The seepage loss is about 1 m 3 / s and the ice loss can be determined by the ice loss curve ͑Fig. 8͒ according to the monthly average water level. The two storage curves ͑the designed curve and the new curve based on RS data͒ were applied to calculate the inflow according to Eq. ͑7͒. The difference between the inflow calculated by using two storage curves in the water balance equation and the observation inflow were similar in December, January, and February during 1958-1986 . Only the results in January are shown in Fig. 9 . The maximal, minimal, and average relative errors calculated by the designed storage curve are 0.04, −4.62, and −0.66, respectively in January from 1958 to 1986. Similarly, the maximal, minimal, and average relative errors calculated by the new storage curve based on RS data are 0.16, −2.68, and −0.33, respectively. The calculated inflows using the two curves are all less than the observed inflow, and the calculated inflow based on the new curve is larger than the one using the 1956 designed curve. Since the precipitation in the reservoir intervening region is ignored during the winter season, the reservoir observed inflow is less than the actual inflow. Therefore, the new storage curve based on RS data is much closer to the actual one and is more reasonable.
Slope Storage Calculation
The reservoir storage is composed of the level storage and the slope storage as shown in Fig. 10 . The reservoir slope storage should be considered during flood season due to the flood wave propagation. The observed water surface profile method was generally applied to calculate the slope storage. It is necessary that many stage stations should be built along the channel in the observed water surface profile method. Using data of the stations, the instantaneous slope storage, denoted by V d , is calculated as follows:
where ⌬F 1 , ⌬F 2 ,…,⌬F i ,…,⌬F n ϭarea of the i flow section, which is determined by the backwater profile; L 1,2 ,L 2,3 ,…,
,n ϭdistance interval of consecutive sections; and i =1, 2, 3, …, n. Due to the limitation of gaged water level data, the slope storage was calculated by the simplified observation water surface profile method in this paper. In general, the water surface is wide at the closer dam site and becomes narrow further away from the dam site until it is approximately equal to the width of the channel at the end of the backwater profile. In the simplified observation water surface profile method, the water surface region of the reservoir is simplified as a triangle shape as shown in Fig. 11 . Then, the slope storage could be approximated by
where Bϭwidth of water surface region at dam site; Lϭdistance from dam to the end of the backwater profile; ⌬zϭdifference of water levels between the dam site and at the end of the backwater profile; and Aϭwater surface area of reservoir. The three images ͑SN 960620, 960823, and 950805͒ that are recorded during floods were applied to calculate the slope storage. In this paper, the water level at Huashulinzi gage station was considered as the end of the backwater profile. The distance between Huashulinzi gage station and the dam site is 114 km. According to Eqs. ͑9͒ and ͑10͒, the slope storage was calculated and the results were listed in Table 4 . It has shown that the proportion of the slope storage to the total storage is increased as the difference of the water level between the dam site and the backwater profile increases. In this study, the maximal and minimal slope storage reach 0.40ϫ 10 8 and 0.11ϫ 10 8 m 3 , and the corresponding water level differences are 0.26 and 0.08 m, respectively.
Conclusions
As a vital parameter for flood control or hydropower generation dispatch, the reservoir storage curve is a key issue for strategic risk management. However, after several years of reservoir operation, it has changed due to human activity effects and a systematic storage survey of the reservoir is necessary periodically. Compared with the traditional method, the RS based approach can be cost effective, easy to use, and requires less time in analyzing the data. Fengman Reservoir was chosen as a case study to estimate the new storage curve based on LandSat data. The inflow of the reservoir was calculated by the water balance equation method in dry seasons with the designed storage curve and the new estimated storage curve. The results showed that the new estimated storage curve is much close to the actual one and the reservoir storage estimation based on LandSat data is reasonable. In conclusion, the reservoir storage estimation based on RS data has been of great value in the practical application due to low cost, quick updates, and has no influence on normal operation of the reservoir. 
